Abstract: Thyroid hormones are important regulators of fetal neurodevelopment. Among preterm infants, thyroid stimulating hormone (TSH) is highly variable. Understanding this variability will further improvements in screening for thyroid disorders in preterm infants. We examined 61 maternal and infant clinical and demographic factors for associations with neonatal TSH levels in 698 preterm neonates. TSH was measured as part of routine Statemandated newborn screening in Iowa. Of the maternal characteristics, nulliparous women (p = 8 × 10 ) had infants with higher TSH levels. TSH levels at the time of newborn screening were associated with respiratory distress syndrome (RDS) (p < 0.0001) and sepsis (p = 3 × 10 -3 ). We replicated findings between parity and preeclampsia previously observed in primarily term infants. We also observed strong relationships between neonatal TSH and complications of prematurity including RDS and sepsis, which have implications for future studies examining this relationship both prenatally and longitudinally after birth.
Introduction
Thyroid hormone is essential for fetal development, regulates neurodevelopment, and is critical for brain maturation. Maternal and neonatal thyroid levels are tightly correlated and hypothyroidism in pregnancy is associated with pregnancy complications such as preterm birth and preeclampsia, as well as adverse neurodevelopmental outcomes in the offspring (1) (2) (3) . Neonatal thyroid stimulating hormone (TSH), a hormone that stimulates the production of thyroid hormones, is highly variable among preterm infants and when measured 1-3 days after birth is significantly lower in preterm compared to term neonates (4) . Associations between maternal and infant factors and TSH levels have been generally explored in the context of newborn screening programs but understanding the TSH variability in preterm infants also has implications for thyroid complications later-in-life as TSH, measured at birth is a highly heritable trait (5) .
Several maternal and infant factors have been shown to contribute towards the variability in TSH levels in term and preterm infants. Gestational age, infant gender, age at time of testing, month of birth, mode of delivery, and severity of illness in the neonate, have all been shown to affect the variability in TSH at birth (4, 6) . Maternal characteristics such as parity, maternal race, gestational diabetes, and hypertension have all been associated with neonatal thyroid hormone levels; however, many of these studies have been performed with small sample sizes and results have been inconsistent (7) (8) (9) (10) (11) (12) (13) .
Experimental and animal models demonstrate that thyroid hormones regulate surfactant metabolism (14) (15) (16) . Surfactant insufficiency is associated with neonatal respiratory distress syndrome (RDS) which can occur in both preterm and term infants. Several studies have examined the association between TSH at birth and RDS in both term and preterm newborns; however, the results are inconsistent (6, (17) (18) (19) (20) . Less studied and known is the relationship between neonatal TSH and other complications of prematurity such as patent ductus arteriosus (PDA), intraventricular hemorrhage (IVH), and sepsis.
Identifying factors that influence TSH variability in preterm infants may be useful, not only in the context of improving newborn screening, but also in understanding particular contributors to abnormal thyroid levels at birth that may carry forward into future thyroid problems in early childhood or adulthood. We examined the association between neonatal TSH levels and an extensive list of maternal, environmental, and neonatal factors, many of which have been examined in relation to thyroid hormone levels in primarily term infants (7), in 698 preterm ( < 37 weeks' gestation) newborns.
Materials and methods
This is a retrospective analysis of data collected as part of a prospective cohort for studying the epidemiology and genetics of preterm birth (21, 22) . Study samples were collected at the University of Iowa Hospitals and Clinics in Iowa City, IA, after approval by the University of Iowa Institutional Review Board (IRB200506792). Signed informed consent was obtained from all families at enrollment. Existing data collected by an interview with the mother, medical chart review, or both, were mined for 61 maternal and infant clinical and demographic factors. Data extracted included infant demographic and newborn screening collection procedures including any changes to the TSH assay during the time of collection (major assay change). Maternal demographics, exposures, and medical history included questions women were asked about any smoking, alcohol, caffeine, or drug use during pregnancy and any vitamin use (prenatal or otherwise) 3 or more times a week during pregnancy and 3 months prior to pregnancy. Maternal pregnancy complications included data on diagnosed diabetes, hypertension, and infection (chorioamnionitis) during pregnancy as well as the type of delivery (vaginal or C-section) and type of labor (no labor or induced). Neonatal complications of preterm birth including bronchopulmonary dysplasia (BPD), RDS, IVH, retinopathy of prematurity (ROP), sepsis, and PDA were extracted from the infant's medical record. Completeness of the data varied across subjects, with a subset (n∼300) of primarily earlier 22  20  18  16  14  12  TSH  10  8  6  4  2  0   24  22  20  18  16  14  12  TSH  10  8  6  4  2  0   23-28  29-32  33-36  <1250 1250-<1750 1750-<2250 ≥2250 Figure 1 Distribution of TSH levels by gestational age in weeks (A) and birth weight in grams (B).
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( < 32 weeks) preterm birth, having complete and extensive data on all maternal and infant characteristics. Data on TSH were obtained from the State of Iowa Hygienic Laboratory and linked to the clinical medical record data. TSH was measured by solid phase, time-resolved fluoroimmunoassay from dried newborn blood spots using PerkinElmer's AutoDELFIA ® platform (Waltham, MA, USA) as part of routine newborn screening. There were 698 preterm infants included for analysis. Infants were included if they were born preterm (delivery at 23-36 weeks' gestation), had not received a blood transfusion at the time of sample collection, had their sample collected between 24 and 72 h after birth, did not have a known congenital anomaly at birth, and had a normal ( < 2.2-24.9 mIU/L) TSH level at initial screening. TSH levels that were under the limit of detection, i.e., < 2.2 mIU/L, were assigned a value of 2.2.
Analysis of variance (ANOVA) was performed to test for association between the natural log-transformed values of TSH and each demographic or clinic variable unadjusted (model 1) and adjusting for gestational age (model 2). Unadjusted one-way ANOVA models were assessed for homogeneity of variances using the Bartlett's test of equal variances; deviations are noted in the tables. A Bonferroni significance threshold of p < 1 × 10 -3 was used to correct for multiple testing. Stata, version 12.0 (Stata Corporation, College Station, TX, USA) was used for all analyses.
Results
Associations between TSH and infant demographics
Neonatal TSH levels significantly decreased with decreasing gestational age ( Figure 1A ) and birth weight ( Figure 1B ) (Table 1 ). However, when including both variables in the same model only gestational age was significantly associated with TSH levels (p < 0.0001) and explains 5.7% of the variance in TSH levels. Gestational age was the only infant demographic factor that remained significant after correction for multiple testing. Early and late age at sample collection (p = 0.03), longer length at birth (p = 0.03), winter month of birth (p = 0.02), and male gender (p = 0.02) were all marginally associated with higher neonatal TSH levels after adjustment for gestational age; however, these variables individually only contributed a small amount (model r 2 ≤ 1%) to the variability in TSH levels (Table 1) .
Associations between TSH and maternal demographics and pregnancy complications
Maternal smoking, drug use during pregnancy, and prenatal steroids were significantly associated with lower neonatal TSH levels; however, none remained significant after adjustment for gestational age ( Table 2 ). Multiparous women had infants with lower TSH levels (p = 8 × 10 -4 ) compared to women who were nulliparous, a result that remained significant after correction for multiple testing and contributes 1.5% to the variability in TSH levels ( Table 2) . Preeclampsia (p = 2 × 10 -3
) and induced labor (p = 3 × 10 -3 ) were associated with higher neonatal TSH levels after adjustment for gestational age, and were close to the threshold for correction for multiple testing and contributed 1.1% and 2.4%, respectively, to the variability in TSH levels (Table 3) .
Associations between TSH and complications of prematurity
Several complications of premature birth were associated with lower neonatal TSH levels including BPD, PDA, RDS, ROP, and sepsis; however, after adjusting for gestational age only associations with RDS (p < 0.0001) and sepsis (p = 3 × 10 -3 ) remained significant (Table 4) . RDS explained 8.4% of the variability of TSH measurements and when including gestational age in the model the variability explained was 10.3%. Sepsis explained 5.7% of the variability in TSH levels and when including gestational age in the model the variability explained was 8.0%. There were no associations between APGAR scores, bilirubin levels, or hemoglobin levels at birth and neonatal TSH after adjustment for gestational age. As the prevalence of most complications of prematurity increase with decreasing gestational age, we also examined the association between neonatal TSH and each complication in neonates born < 32 weeks' gestation (Table 5 ). Significantly lower neonatal TSH levels were observed in neonates < 32 weeks' gestation with RDS (p = 2 × 10 -4 ); a result significant after correction for multiple testing (Table 5) .
Discussion
We extensively examined associations between neonatal TSH levels and demographic factors, maternal exposures and infant outcomes. We replicated, in preterm infants, findings between maternal and infant demographics and TSH which, in general, were previously examined in term infants (7) . We observe that within preterm infants there is a distinct and graded decrease in TSH levels between preterm (33-36 weeks), very preterm (29-32 weeks), and extremely preterm (23-28 weeks) neonates. There have been some reports examining neonatal screening measures of TSH that have found the opposite in that both decreasing gestational age and decreasing birth weight were associated with increasing TSH levels (23, 24) . However, these studies measured TSH levels around the 6th day of life, whereas our study measured infants between day of life 1 and 3, but primarily on day 1 of life. Studies examining cord blood levels or levels obtained soon after delivery have observed similar results to ours (5, 6, 25) .
Several studies have examined the impact of maternal demographics (e.g., parity), maternal exposures (e.g., smoking), pregnancy complications (e.g., hypertension), and delivery outcomes (e.g., delivery method) on neonatal thyroid hormone levels. One such study (Herbstman et al., 2008) examined an extensive list of maternal and infant demographics and delivery outcomes on cord blood levels of total T4, free T4, and TSH (7). The authors studied 300 neonates from Baltimore, the majority (87%) of which were term infants, and found that infants of mothers delivering their first child had higher TSH levels than multiparous mothers. We observed a similar association between higher neonatal TSH and first-born children. Another study by Sullivan et al., also found this association; however, the mechanism for this relationship is unclear (10) . A likely explanation would be that altered levels of maternal TSH in subsequent pregnancies affect neonatal levels at birth. However, while there are contradictory data on whether maternal TSH stimulation influences fetal TSH levels, one study found no such evidence (26) . To our knowledge, maternal levels of TSH throughout pregnancy have not been directly examined by parity.
Herbstman et al. also found that neonates delivered by C-section or unassisted vaginal delivery had lower TSH levels compared to vaginal or assisted vaginal delivery, respectively (7). We did not observe this same trend, but found that infants who were delivered spontaneously had lower TSH levels. The differences observed between our two studies are likely due to the study design. Their population comprised mainly term infants whereas we studied preterm infants who already have lower TSH levels.
Reasons for C-section between these two groups would also be very different, and the severity of illness, which affects neonatal TSH, would also differ, likely contributing to these differences. We also observed an association between higher neonatal TSH levels in infants born to mothers with preeclampsia. Two studies found higher cord blood TSH in preterm neonates born to mothers with preeclampsia; however, other studies, some of which evaluated term infants, have not observed this finding (7, 12, 27, 28) . Our findings, in combination with the other studies that found higher neonatal TSH levels in preterm infants born to mothers with preeclampsia, suggest that there may be placental insufficiency and/or fetal hypoxia which in turn trigger higher TSH levels in the neonate.
Critical illness in both children and adults has been shown to suppress thyroid hormone secretion (29) (30) (31) (32) . This is defined as nonthyroidal illness syndrome. Our results support this concept in that we observed significant associations in preterm infants between TSH levels and RDS and sepsis. The effect of thyroid hormones on RDS has been extensively studied as thyroid hormones are regulators of surfactant metabolism, and surfactant insufficiency results in RDS (14) (15) (16) . Several studies have shown an association between low TSH and RDS; however, the results have been inconsistent (6, (17) (18) (19) (20) . Additionally, a randomized, multicenter clinical trial found no difference in the frequency of RDS in the infants of women who were given antenatal thyrotropin-releasing hormone at < 33 weeks' gestation at the time of corticosteroid Table 4 The association between complications of prematurity and neonatal TSH. treatment compared to the group that received the placebo (33) . We observed that steroid administration during pregnancy was associated with lower TSH levels at birth but this was not significant when adjusted by gestational age. Additionally, the strong association between low TSH levels and RDS (p < 0.001) remained when adjusting for gestational age and prenatal steroids. Infants born preterm and those (term or preterm) who had RDS are at an increased risk for hypothyroidism, both in infancy and young adulthood (34, 35) . Several studies have suggested that thyroid hormones, specifically low total T3 and T4 levels are predictors of bacterial sepsis in children and neonates (36) (37) (38) (39) . We observed lower levels of TSH in infants with both suspected and confirmed sepsis. Sepsis was confirmed by a positive blood, urine, or cerebral spinal fluid culture and included both early and late diagnosed sepsis. This may be a result of transient hypothyroxinemia which is associated with "normal" or low levels of TSH (40) . Unfortunately, we were unable to assess transient hypothroxinemia as we did not have T4 measurements. More investigation is needed not only in relation to TSH and the timing of the development of sepsis but also the effect and timing of medications to treat sepsis that may also affect thyroid hormone levels.
Our study examined an extensive list of maternal, fetal, and delivery characteristics for associations with neonatal TSH levels. We replicated many previous findings in our preterm population from studies that have mostly focused on term infants. Our study was limited to examining only TSH and not the other thyroid hormones, such as T4, as Iowa's newborn screening program only captures TSH. Additionally, future studies focused on longitudinal thyroid measurements in preterm infants, and analyzing medications administered during the hospitalization, would be ideal for identifying changes in levels in relation to the complications of preterm birth such as sepsis and RDS. We had limited information on maternal thyroid conditions and no information on iodine deficiency or subclinical hypothyroidism in pregnancy, and the presence of these conditions could impact our findings. The strength in our study was the ability to examine many demographic and clinical factors in a large sample of preterm infants.
Our study suggests that lower TSH levels are present at birth in infants with complications of prematurity including RDS and sepsis and this may warrant additional screening in these infants. Identifying factors that influence TSH variability in preterm infants will identify groups of infants that may be at increased risk for thyroid conditions later in childhood and adulthood. research staff at the University of Iowa Hospitals and Clinics in Iowa City, IA, USA; including a special thanks to research coordinators Laura Knosp and Susan Berends. We would also like to thank Franklin Delin, Dariush Shirazi, and Stanton Berberich from the State Hygienic Laboratory for their assistance in the acquisition of the newborn screening data.
